In this work we report the synthesis and structural, electronic and magnetic properties of La1.5Ca0.5CoMnO6 double-perovskite. This is a re-entrant spin cluster material which exhibits a non-negligible negative exchange bias effect when it is cooled in zero magnetic field from an unmagnetized state down to low temperature. X-ray powder diffraction, X-ray photoelectron spectroscopy and magnetometry results indicate mixed valence state at Co site, leading to competing magnetic phases and uncompensated spins at the magnetic interfaces. We compare the results for this Cadoped material with those reported for the resemblant compound La1.5Sr0.5CoMnO6, and discuss the much smaller spontaneous exchange bias effect observed for the former in terms of its structural and magnetic particularities. For La1.5Ca0.5CoMnO6, when successive magnetization loops are carried, the spontaneous exchange bias field inverts its sign from negative to positive from the first to the second measurement. We discuss this behavior based on the disorder at the magnetic interfaces, related to the presence of a glassy phase. This compound also exhibits a large conventional exchange bias, for which there is no sign inversion of the exchange bias field for consecutive cycles.
I. INTRODUCTION
The exchange bias (EB) effect is a well known phenomena characterized by a shift of the magnetization as a function of applied field (H) hysteresis loop along the H axis. It is usually ascribed to the unidirectional exchange anisotropy at the interface between antiferromagnetic (AFM) and ferromagnetic (FM)/ferrimagnetic (FIM) phases in heterogeneous systems 1, 2 , but it has also been observed at the interfaces of spin glass (SG) and AFM/FM/FIM phases 3, 4 . This effect is conventionally observed after cooling the system through its Néel temperature (T ) in the presence of H or if H is applied during the materials's fabrication. Recently, improvements on oxide heterostructures growth have renewed the interest in such compounds, since it opens the real possibility of fabrication of multifunctional devices using strongly correlated electronic materials 5 . Recently, some compounds have been reported to exhibit a spontaneous EB effect, i.e., there is a shift along the field axis on the magnetization as a function of magnetic field measurement [M (H)] even when the system is cooled from an unmagnetized state and without the presence of external magnetic field [6] [7] [8] [9] [10] . Despite the different mechanisms claimed to explain this zero field cooled exchange bias (ZEB) effect on distinct materials, two ingredients emerge as responsible for the phenomena: the presence of a glassy magnetic state re-entrant to a conventional magnetism and the reconfiguration of the spins during the initial field application at the M (H) measurement.
The transition-metal (TM) oxides are potential candidates to exhibit the ZEB effect due to their intrinsic structural/magnetic inhomogeneity. From this class of materials, the perovskite-type (ABO 3 , A-rare/alkalineearth and B-TM) stands out. Ionic substitution at the A-site with cations of different charge and/or radii is a straightforward method to obtain interesting properties as glassy magnetic behavior 11 , structural/magnetic phase separation 12 , ferroelectricity 13 and also conventional and spontaneous exchange bias effects 9, 10 . The La 2−x Sr x CoMnO 6 double-perovskite (DP) series exhibits the largest ZEB effect reported so far, for which 25% of Sr substitution at La site leads to the largest shift on the M (H) curve 11 . Sr 2+ substitution at La 3+ site on the parent compound La 2 CoMnO 6 leads to anti-site disorder, mixed valence of Co ions and competition between different magnetic phases, resulting in a re-entrant spin-glass (RSG) behavior 9 .
The microscopic mechanisms responsible for the ZEB effect observed on DP compounds are not yet understood, and in order to verify the currently proposed ideas it is important to study novel materials. In this context, two factors make La 1.5 Ca 0.5 CoMnO 6 a very interesting focus of investigation. Firstly, there is an advantage in doping La 2 CoMnO 6 with Ca instead of Sr, which is the fact Ca 2+ ionic radius is closer to La 3+ than Sr 2+14 . As it is well known, DP oxides exhibit a strong correlation between their structural, electronic and magnetic properties. As such, it is always very difficult to predict which of these properties would be more strongly affected by doping, and consequently, would lead the variation of the others. The use of Ca, instead of Sr, on La 1.5 A 0.5 CoMnO 6 leads to presumable less structural changes in relation to La 2 CoMnO 6 , making it easier to notice the influence of electronic changes due ionic substitution. Moreover, the comparison between the Ca-and Sr-doped compounds provides insights about the influence of crystal structure to the ZEB effect.
In this work, we report the synthesis and investigation of structural, electronic and magnetic properties of the new DP compound La 1.5 Ca 0.5 CoMnO 6 . It presents a cluster spin glass (CG) phase concomitantly with AFM and FM phases, being thus a RSG material. It also exhibits both the spontaneous and conventional exchange bias (CEB) effects. Our results are compared to those reported for the analogue compound La 1.5 Sr 0.5 CoMnO 6 , and we discuss the differences in terms of structural and magnetic particularities of each compound. Interestingly, when consecutive M (H) loops are measured on La 1.5 Ca 0.5 CoMnO 6 after cooling the system in the absence of applied magnetic field there is a sign inversion of the ZEB field from negative to positive values from the first to the second loop. We discuss this result on the basis of two contributions to the EB effect, the rotatable and frozen spins at the AFM/FM/CG interfaces.
II. EXPERIMENT DETAILS
Polycrystalline La 1.5 Ca 0.5 CoMnO 6 was synthesized by conventional solid-state reaction method. Stoichiometric amounts of La 2 O 3 , CaO, Co 3 O 4 and MnO were mixed and heated at 800
• C for 12 hours in air atmosphere. Later the sample was re-grinded before a second step of 24 hours at 1200
• C. Finally the material was grinded, pressed into pellets and heated at 1300
• C for 24 hours. High resolution x-ray powder diffraction (XRD) data was collected at room T using a Bruker D8 Discover diffractometer, operating with Cu K α radiation over the angular range 10 ≤ θ ≤ 100
• , with a 2θ step size of 0.01
• . Rietveld refinement was performed with GSAS software and its graphical interface program 15 . X-ray photoelectron spectroscopy (XPS) experiments were performed using an ultra-high vacuum (UHV) chamber equipped with a SPECS analyzer PHOIBOS 150. AC and DC magnetization measurements were carried out using a commercial SQUID-VSM magnetometer. DC data measurements were performed in both zero field cooled (ZFC) and field cooled (FC) modes. AC magnetization measurements were performed in oscillating field with amplitude H ac = 5 Oe, in six different frequencies in the range 25-10000 Hz.
III. RESULTS AND DISCUSSION
A. Crystal structure La 1.5 Ca 0.5 CoMnO 6 room T XRD data revealed the formation of a single phase DP (Fig. 1) . Its structure could be successful refined in the monoclinic P 2 1 /n space group, the same observed for the relative compound La 2 CoMnO 6 11 . This is not surprising, since Ca
2+
and La 3+ ionic radii are very close in XII coordination (1.34Å and 1.36Å respectively) 14 . The main parameters obtained from the Rietveld refinement are displayed in 18 , which is consistent to the fact that larger A-site ions lead to more symmetric crystal structure for DP compounds 19, 20 . Since the magnetic couplings between TM ions are strongly correlated to the bond angles, this result is probably one of the factors responsible for the differences between the magnetic properties of La 1.5 Ca 0.5 CoMnO 6 and La 1.5 Sr 0.5 CoMnO 6 , as will be discussed next.
B. X-ray photoelectron spectroscopy
All the XPS results here displayed correspond to the use of monochromatic Al-K α x-ray radiation (hν = 1486.6 eV) using spectrometer pass energy (E pass ) of 15 eV. The spectrometer was previously calibrated using the Au 4f 7/2 (84.0 eV) which results on a full-width-halfmaximum (FWHM) better than 0.7 eV, for a sputtered metallic gold foil. Prior to mounting the sample in UHV, it was slightly polished and ultra-sonicated sequentially in isopropyl alcohol and water. In the following, the sample was mounted on the top of a pure gold foil and referenced by setting the adventitious carbon C 1s peak to 284.6 eV.
In the Fig.  2 (a) the XPS survey spectra for La 1.5 Ca 0.5 CoMnO 6 is shown and all elements found are indicated, including the gold foil support signal. Due to the polycrystalline nature of the material the carbon signal persist on the sample's surface and any attempt to gentle Argon sputter the surface results on species chemical reduction. Anyhow, the XPS still serves as a powerful tool to investigate the electronic structure of the cobalt and manganese cations in the compound. Based on the relatively large electron mean free path for the Co 2p and Mn 2p photoelectrons (larger than 1.5 nm) the spectra shown reveals chemical information from buried oxide layers [20] [21] [22] [23] [24] [25] . At the present conditions, although a detailed analysis of the cobalt and manganese 2p regions are difficult, one can yet address the Co and Mn chemical state based on the spectral features.
It has been largely reported in the literature that the expected binding energies for Co 3+ and Co 2+ are located at 779.5 and 780.5 eV, respectively 26 . Noteworthy, depending on the cation symmetry one may observe intense satellite features related to Co 2+ at octahedral sites, in contrast to Co 3+ at octahedral or Co 2+ at tetrahedral sites 27 . The Co 2p spectra shown in figure 2(b) presents prominent peaks at 779.7 and 795.0 eV related to the Co 2p 3/2 and 2p 1/2 spin-orbit components, respectively. Remarkable however is the lack of satellite features which in various compounds is a clear signature of Co 2+ in octahedral sites, most probably at high-spin configuration 28 .
The detailed analysis of the Co 2p region is quite useful to determine the electronic structure of the cation. This analysis is however far from trivial, and the main peaks are known to be composed by multiplet splitting as described by Gupta The Mn 2p core level spectrum is shown in Fig. 2(c) . The splitting between the 2p 3/2 and 2p 1/2 levels is about 11.5 eV, and are peaking at 641.5 eV and 653.0 eV, respectively. Once again, the relative concentration of Mn cations oxidation state is difficult to assign but the spectral features observed are indicative of Mn at either 3+ or 4+ valence states 31, 32 . The main peaks are fitted with two components indicating the relevant peak features. The presence of a shoulder on the high energy side and the relatively broad and symmetric peak is allusive of Mn in manganite 33 . We believe the Mn species are probably in the Mn 4+ oxidation state since no evidence of Mn 2+ or Mn 3+ , such as satellite features, are observed and the typical peak asymmetry of Mn 4+ is only suppressed by the hydroxylation of the surface during sample cleaning 34, 35 . The XPS results support our XRD and magnetometry findings on the valence state of the Co and Mn cations in the compound, which can be interpreted in terms of Co 2+ /Co 3+ mixed valence state (see below).
C. AC and DC Magnetization Fig. 3(a) shows the ZFC and FC T dependent magnetic susceptibility (χ) for La 1.5 Ca 0.5 CoMnO 6 , obtained at H = 100 Oe. For T ≥ 200 K, the data could be well fitted to the Curie-Weiss law [inset of Fig. 3(a) ]. The effective magnetic moment obtained from the fit is µ ef f = 6.9 µ B /f.u., which can be compared to the value estimated from the usual equation for systems with two or more different magnetic ions 10, 36 Assuming ∼50%/50% proportion of high spin (HS) Co 2+ /Co 3+ and complete quenching of orbital angular moments for the TM ions located at an octahedral environment (µ Co 2+ = µ Mn 4+ = 3.9 µ B , and µ Co 3+ = 4.9 µ B ) 37 , the estimated magnetic moment is µ = 5.9 µ B /f.u., which is smaller than the experimental value and may indicate the presence of Mn 3+ (µ Mn 3+ = 4.9 µ B ). On the other hand, some orbital contribution for the moments is usually observed on Co-and Mn-based perovskites 20 , which must also be considered. Using the L+S moments for Mn 4+ (4 µ B ) and HS Co 2+ and Co
3+
(5.2 and 5.5 µ B , respectively) 38 on Eq. 1 yields µ = 6.7 µ B /f.u., which is very close to the experimentally observed value.
From the fitting of χ −1 it was also obtained the Curie- Fig. 3(b) could be related to the emergent AFM ordering. It can also be noted a slight change in the slope of the curve at T ∼ 55 K. It becomes more evident when the derivative of the curve is carried, as indicated on the inset of Fig.  3(b) . The presence of competing magnetic phases, together with the disorder that intrinsically accompanies the DP compounds, are understood as key ingredients to induce glassy states. As will be discussed next, this inflection point is related to the emergence of a CG state at low-T .
In order to verify the presence of a SG-like phase, which is believed to play an important rule on the ZEB effect, we have measured AC magnetic susceptibility as a function of T for six frequencies (f ) in the 25-10000 Hz range. Fig. 4 shows the real (χ') and imaginary (χ") parts of the ac susceptibility for some selected frequencies. Fig. 4(a) shows variations at low-T in the χ' curves for different f , indicative of glassy behavior. For the χ" curves on Fig.  4 (b) one can see a peak (T f -freezing T ) that decreases in magnitude and shifts to higher T as f increases. This is characteristic of SG-like systems 40 . The evolution of T f with f turns out to be well described by the power law equation of the dynamical scaling theory
where τ is the relaxation time corresponding to the measured f , τ 0 is the characteristic relaxation time of spin flip, T g is the transition temperature (T f as f approaches zero) and zν denotes the critical exponent 40 . The solid line on inset of Fig. 4(b) represents the fit to Eq. 2, yielding T g ≃ 46.7 K, τ 0 ≃ 3.1 × 10 −7 s and zν ≃ 8.9, being these values typical of CG systems 11, 40 .
Usually, a formula computing the shift in T f between the two outermost frequencies is used to classify the material as SG, CG or superparamagnet
For CG systems, δ usually lies in the range 0.01 δT f 0.1 10, [40] [41] [42] , and for La 1.5 Ca 0.5 CoMnO 6 we found δ ≃0.07. This CG phase, together with the conventional magnetic transitions observed at higher T , confirms the RSG state on this material. 
D. Exchange bias
The M (H) curves were measured at various T . In order to prevent the presence of remanent magnetization, it was followed a careful protocol of sending the sample to the paramagnetic state and demagnetizing the system in the oscillating mode between one measurement to another. This protocol is particularly important for the ZFC M (H) measurements, since any trapped current in the magnet would prevent the correct observation of the ZEB effect. Moreover, to get a reliable comparison between the results obtained at different T , all measurements were carried with the same experimental protocol, i.e., the same scan length, maximum moment range, frequency, T -rate on the ZFC procedure etc. Fig. 5(a) shows the curve measured at 2 K, obtained after cooling the sample in ZFC mode. It is a closed loop that does not saturate even for the maximum ap- plied field H max = 70 kOe, which can be explained by the presence of AFM and CG phases. The large coercivity masks the curves asymmetry for the complete loop, but a magnified view on inset of Fig. 5(a) reveals the negative shift of the M (H) curve (i.e., the shift direction is opposite to the positive field initially applied in the virgin curve). To verify this effect we have measured M (H) with the initial H in the opposite (negative) direction. As can be observed on inset of Fig. 5(a) , the curve exhibits a positive shift. The shift in the opposite direction is an expected behavior of a EB system, hence a clear evidence that this result is intrinsic of the material.
The ZEB effect is believed to be related to the field induced reconfiguration of the spins at the magnetic interfaces that occurs during the initial magnetization of the system [6] [7] [8] [9] [10] . Thus in the M (H) curve of a ZEB material the virgin curve usually lies outside the main loop for a certain H interval, and for some critical H the curves intersect 6, 7, 9 . This can be seen for La 1.5 Ca 0.5 CoMnO 6 on Fig. 5(b) , where the virgin curve and the second branch of the hysteresis loop intercepts at H ∼ 21 kOe. But differently than for other ZEB materials, at H ∼ 37 kOe the two curves cross again, indicating a second field-induced reconfiguration. This suggests the possible presence of two contributions to the ZEB effect, leading to a decrease of the final magnetization which is probably related to the smaller ZEB effect observed for La 1.5 Ca 0.5 CoMnO 6 in comparison to La 1.5 Sr 0.5 CoMnO 6 .
The EB field is here defined as H EB = (H + + H − )/2, where H + and H − represent the positive and negative coercive fields, respectively. The effective coercive field is Fig. 6 shows that a negative ZEB effect is observed for La 1.5 Ca 0.5 CoMnO 6 for T < 15 K, in resemblance to its analogue La 1.5 Sr 0.5 CoMnO 6 9 . But here the magnitude of the ZFC EB field, H ZEB , is much smaller than for the Sr-based compound, which presents the largest ZEB effect reported so far. At T = 2 K one have H ZEB ∼ 250 Oe for Ca-based sample, while for Sr-based compound H ZEB ∼ 6.5 kOe. Also interesting to note is the fact that initially H ZEB increases with T . This result is similar to that observed for the perovskitebased ZEB nanocomposite BiFeO 3 -Bi 2 Fe 4 O 9 8 . Possibly, the small gain of thermal energy at low-T enables the rotation of some AFM/CG spins to the field direction, leading to the pinning of these spins after the removal of magnetic field.
In order to further investigate the EB effect on La 1.5 Ca 0.5 CoMnO 6 , we have also carried M (H) curves after cooling the sample in the presence of a field H F C = 50 kOe. The inset of Fig. 7(a) shows the curve obtained at 2 K, for which was observed an EB field H CEB = 2740 Oe. This signifies a great enhancement in comparison to the ZFC measurement, and resembles results observed for related compounds as La 1.5 Sr 0.5 CoMnO 6 and La 1.5 Ca 0.5 CoIrO 6 , for which H F C induces the pinning of the spins already at high T , enhancing the EB effect 9,10 . In EB systems, H EB generally depends on the number of M (H) measurements, a property often called training effect 1 . The possible application of an EB material for spintronic devices requires it to be fairly stable under consecutive M (H) cycles. Since La 1.5 Ca 0.5 CoMnO 6 exhibits both ZEB and CEB effects, we have investigated the dynamics of the spin structure by measuring consecutive M (H) loops at 2 K in both ZFC and FC cases.
For the CEB mode, the consecutive loops were carried after cooling the system with H F C = 50 kOe. Fig.  8 shows the first and sixth loops, where can be noted that the differences in the H CEB fields are mainly due to variations in H − . On the upper inset of Fig. 8 it becames clearer that the magnitude of H − monotonically decreases with the number of consecutive cycles (n), indicating spin rearrangement at the interfaces. The bottom inset of Fig. 8 shows the evolution of H CEB with n. This curve can be fit to a model considering two contributions at the magnetic interfaces, the uncompensated rotatable spins and also the frozen spins 10,43
where f and r denote the frozen and rotatable spin components respectively. The fitting with Eq. 4 yields H ∞ CEB ∼ 2238 Oe, A f ∼ 951 Oe, P f ∼ 1.56, A r ∼ 100 Oe, P r ∼ 0.04. The precise fitting obtained when the glassy phase is taken into account, together with the fact that all ZEB materials reported so far presents a SG-like phase concomitantly to another magnetic phase, indicate the importance of the glassy phase to the observation of EB effect on this and related PD compounds.
For the ZFC mode, an unprecedented behavior was observed. As Fig. 9(a) shows, from the first to the second loop, H ZEB inverts its sign from negative to positive. This result indicates that the ZFC procedure does not ensure a good stability in the coupling between the spins responsible for the EB effect. From the second loop to subsequent measures, the system maintains a roughly constant positive value. A closer inspection on the positive and negative coercive fields shows that the absolute value of H − decreases for consecutive loops, while H + increases [ Fig. 9(b) ]. Although this is the first report of sign inversion on the EB field after the ZFC procedure, this behavior was already observed for CEB systems. For NiFe/IrMn bilayer, the training-induced inversion of H CEB signal was discussed in terms of the appearance of metastable magnetic disorder at the magnetically frustrated interface during the hysteresis loop measurements 43 . Similarly to the SG model conjectured for EB systems in Refs. 43, 44 , our results can be understood in terms of two contributions to the EB effect, the rotatable and frozen spins at the AFM/FM/CG interfaces. For successive M (H) measurements, the rearrangement of the rotatable AFM/FM spins at the interface would lead to the expected decrease on the magnitude of H − observed on Fig. 9(b) . The second contribution would arise from the CG/FM interface. Some spins at this interface will prefer to align antiparallel to the direction of the FM phase, defined by the positive field firstly applied in the first cycle. After training, these spins may rotate irreversibly due to the magnetization reversal of the FM phase, leading to the increase of H + and the consequent inversion of H ZEB sign.
IV. CONCLUSIONS
In summary, La 1.5 Ca 0.5 CoMnO 6 is a RSG material for which there are two anomalies on the magnetization as a function of T curve at T ≃ 158 K and T ≃ 138 K, probably related to Co 2+ -O-Mn 4+ FM coupling and Co 3+ -O-Mn 4+ AFM coupling. At T g ≃ 46.7 K, a CG phase emerges. Similarly to the analogous La 1.5 Sr 0.5 CoMnO 6 RSG compound, La 1.5 Ca 0.5 CoMnO 6 exhibit a non-negligible ZEB effect at low-T . But the negative shift of the M (H) curve observed for the Cabased material is substantially smaller than for Sr-based one. We believe that the lower symmetry of the Co-OMn coupling for the Ca-doped sample and the particular behavior of its initial magnetization observed at the M (H) curve are responsible for such difference. When the system is cooled in the presence of an applied magnetic field, the EB effect is greatly enhanced. The fitting of the training effect observed after the FC protocol indicates the importance of the glassy phase to the EB observed on this sample. For the ZFC procedure, H ZEB inverts its sign from negative to positive from the first to the second loop, which may be related to the unstable glassy spins at the interfaces. The presence of SG-like phase concomitantly to other magnetic phases seems to be a necessary condition to the observation of ZEB. This result should be taken into account when designing materials for application of the ZEB effect.
